The currents of dc and ac components and their phase-angle cosines for a superlattice under a direct bias and alternating field are calculated with the balance equations. It is found that the dc currents as functions of the direct field show resonance peaks at the fields corresponding to the Bloch frequency equal to n. With increasing alternating field intensity the resonance peaks of higher harmonic increase, and simultaneously the first peak caused by the dc field decreases. The results are in good agreement with the experimental results, indicating that this resonance can be understood in terms of electron acceleration within the miniband, i.e., it is a bulk superlattice effect, rather than caused by the electric-field localization mechanism ͑Wannier Stark ladder͒. The phase-angle cosine for the first harmonic cos 1 becomes negative when the Bloch frequency increases to be larger than the frequency of the ac field , and it also shows resonance peaks at the resonance frequencies n. The negative cos 1 may cause the energy transferred to the alternating field, i.e., oscillation of the system. ͓S0163-1829͑98͒04631-1͔
Since Esaki and Tsu 1 proposed that the nonparabolicity of the miniband of superlattices ͑SL's͒ induced nonlinear transport properties, like negative differential conductance ͑NDC͒ at the onset of Bloch oscillations, a number of papers have treated the problem of miniband transport in superlattices. Sibille et al. 2 obtained the first evidence of miniband negative differential perpendicular velocity in superlattices, and strong arguments in favor of the nonparabolicity mechanism for NDC over a large range of SL parameters. Sibille et al. 3 also measured the negative differential conductance under microwave field, and found that the NDC was strongly enhanced at microwave frequencies close to the inverse transit time of electrons. Brozak et al. 4 observed thermal saturation of band transport in a GaAs/Al x Ga 1Ϫx As superlattice miniband, in good agreement with the result of a semiclassical Boltzmann theory of transport in a narrow band. 5 Ignatov et al. 6 calculated the oscillator efficiency taking account of the negative effective mass of electron and dissipation when a constant bias field and an alternating electric field are applied to the superlattice. They showed that emission of electromagnetic radiation from currently available superlattices can occur due to multiphoton transitions from almost zero up to terahertz frequencies. Recently Unterrainer et al. 7 observed resonant changes in the current-voltage characteristics of miniband semiconductor superlattices when the Bloch frequency is resonant with a terahertz field and its harmonics. They contributed this resonance to absorption and gain of THz radiation in the Wannier Stark ladder of the superlattice. Wanke et al. 8 observed that a GaAs/Al x Ga 1Ϫx As superlattice driven at 600 GHz exhibits strong, power-dependent third harmonic generation with conversion efficiency up to 0.1%.
In this paper, we use the balance equations 6, 9 to study the miniband transport of superlattices under a direct bias field and an alternating electric field, and compare the theoretical results with recent experimental results of terahertzphotocurrent resonances. 7 We found that the agreement is good, indicating that this resonance can be understood in terms of electron accelaration within the miniband, i.e., it is a bulk superlattice effect, rather than caused by the electricfield localization mechanism ͑Wannier Stark ladder͒.
We use the balance equations as in Ref. 6 with the velocity and energy relaxation times, V and E , respectively. The applied electric field is
In this paper, we take the parameters to be the same as the sample used in the terahertz-photocurrent experiment, 7 the GaAs/Al 0.3 Ga 0.7 As superlattice with 80-Å-wide GaAs wells and 20-Å-thick Al x Ga 1Ϫx As barriers: the miniband width ⌬ ϭ23 meV, the electron effective mass m*ϭ0.0658m 0 , the frequency of alternating field ϭ0.6 THz, the average thermal energy E T ϭ0.05⌬, and V ϭ1.3 ps, E ϭ6.5 ps. The balance equations are solved by numerical method, and the velocity V(t) and energy E(t) are obtained as functions of t. It is found that after an initial transient process a stationary state is reached. For F 0 ϭ0.5 and F 1 ϭ1 ͑in the following we take 1000 V/cm as the unit of electric field͒ after ten periods of the external alternating field the V(t) and E(t) reach stationary states. For the case of F 1 ϭϪ1, though the initial conditions and the initial transient processes are different, they all reach the same states with phase shift. For larger F 0 and/or F 1 it needs more time ͑about 20 periods͒ to reach the stationary state.
The V(t) is a periodic function with period Tϭ2/, which consists of dc term and harmonic terms of ,
here for definition we assume that all V n ͑except V 0 ) are positive. By Fourier transform we obtained all V n and cos n . If cos 1 Ͻ0, that means that the first harmonic current is in opposite phase with the driven alternating field;
PHYSICAL REVIEW B 15 AUGUST 1998-I VOLUME 58, NUMBER 7 PRB 58 0163-1829/98/58͑7͒/3565͑3͒/$15.00 3565 © 1998 The American Physical Society the energy will be transferred to the alternating field, i.e., the alternating field will be amplified. 6 The dc current is given by j 0 ϭeV 0 N, where N is the electron concentration, which is taken as 10 15 /cm 3 in the following. The dc currents as functions of F 0 for different F 1 are shown in Fig. 1. From Fig. 1 we see that the global characteristic is in good agreement with the experimental results. 7 The dc currents show resonance peaks at the fields F 0 corresponding to the Bloch frequency B ϭ, 2, 3, . . . . The resonance peaks in the dc current grow with increasing laser intensity (F 1 ), and simutaneously the current at the low bias side decreases.
The harmonic components of current j 0 , j 1 , j 2 , j 3 as functions of F 0 for the cases of F 1 ϭ2 and F 1 ϭ4 are shown in Figs. 2 and 3 , respectively. From Figs. 2 and 3 we see that they also have resonance peaks at the resonance frequencies B ϭ, 2, 3, and the higher harmonic components increase with increasing laser intensity. For the case of F 1 ϭ4 the j 2 component becomes larger than the j 1 component at the first resonance frequency, and the j 3 component becomes larger than the j 1 component at the second resonance frequency.
The cosines of the phase angle for each component cos n as functions of F 0 for the cases of F 1 ϭ2 and F 1 ϭ4 are shown in Figs. 4 and 5, respectively. From the figures we see that cos n oscillates with the direct field F 0 , and becomes negative at the field range corresponding to the Bloch frequency B between and 2. The cos 1 is negative for B Ͼ, and with resonance peaks at B ϭ2, 3, . . . . When the intensity of the alternating field F 1 increases, as shown in Fig. 5 , the resonance peak at B ϭ2 becomes positive. In the field range that cos 1 is negative the energy may be transferred to the alternating field, i.e., oscillation of the system is possible. This result is consistent with that of Ignatov et al.: 6 the amplification occurs in the range of the frequency smaller than the Bloch frequency B , and with increasing bias field the efficiency curves positive for B Ͼ2, and with antiresonance peaks at B ϭ3, 4, . . . . The cos 3 is similar to cos 1 , but with larger positive resonance peaks at B ϭ2 -3, 4, . . . . The negative cos 3 may be related to the third harmonic generation observed in the experiment. 8 All resonance and antiresonance peaks become larger with increasing alternating field intensity.
The sample we discussed in this paper has a wide miniband width ⌬ and wide miniband gap E g , which equal 23 meV and 87 meV, respectively. For the electric field strength smaller than 10 4 V/cm, the condition of miniband transport eFdϽ⌬ is satisfied, where d is the period of superlattice. And the condition for Zener tunneling not occurring from one miniband to the next, eFNdϽE g , is also satisfied for not too large N; N is the period number of the superlattice. There is another perpendicular transport mechanism in superlattices: resonant tunneling, which occurs at eFdӷ⌬ and eFdϭE g . It was found 10 that the resonant tunneling between different subbands leads together with a large carrier density to the formation of stable electric field domains. The domain will not be formed in our case. Therefore, the theory of this paper is suitable for superlattices with wide miniband width and miniband gap, and intermediate direct and alternating electric field.
In summary, the currents of dc and ac components and their phase-angle cosines for a superlattice under a direct bias and alternating field are studied with the balance equations. It is found that the dc currents as functions of the direct field show resonance peaks at the fields corresponding to the Bloch frequency equal to n. With increasing alternating field intensity the resonance peaks of higher harmonic increase, and simultaneously the first peak caused by the dc field decreases. These characteristics are in good agreement with the experimental results, 7 indicating that this resonance can be understood in terms of electron acceleration within the miniband, i.e., it is a bulk superlattice effect, rather than caused by the electric-field localization mechanism ͑Wannier Stark ladder͒. The phase-angle cosine for the first harmonic cos 1 becomes negative when the Bloch frequency increases to be larger than the frequency of the ac field , and it also shows resonance peaks at the resonance frequencies n. The negative cos 1 may cause the energy transferred to the alternating field, i.e., oscillation of the system. The cos 2 and cos 3 are all negative for the Bloch frequency between and 2, and show antiresonance and resonance peaks at the resonance frequencies, respectively. This work was supported by the Chinese National Science Foundation.
